The biotechnological application of the white rot fungus Physisporinus vitreus named ''bioincising'' is currently being investigated for permeability improvement of Norway spruce (Picea abies (L.) Karst.) wood. During short-term (-9 weeks) incubation, fungal activity induces degradation of pit membranes and a simultaneous alteration of the tracheid cell wall structure. In Part 1 of this article series, the occurrence of selective delignification and simultaneous degradation was shown by UV-microspectrophotometry (UMSP). Moreover, significant reduction of Brinell hardness was recorded after 7 and 9 weeks incubation. For a better understanding of the chemical alterations in the wood constituents and the corresponding changes of mechanical properties due to fungal activity, we applied microtensile tests on thin strips that were prepared from the surface of incubated Norway spruce wood. Indications for the occurrence of selective delignification and simultaneous degradation were evident. Determination of lignin content and carbohydrate analysis by borate anion exchange chromatography confirmed the results. The present study verifies the findings from Part 1 of this article series and from previously conducted microscopic investigations. Now, the degradation characteristics of P. vitreus are established and the bioincising process can be further optimized with higher reliability.
Introduction
Permeability improvement of Norway spruce (Picea abies (L.) Karst.) wood by means of a biotechnological method called ''bioincising'' has been investigated intensively during the past years (Schwarze and Landmesser 2000; Schwarze et al. 2006; Schubert et al. 2009; Schwarze and Schubert 2009; Lehringer et al. 2010; Lehringer et al. 2011) . Hereby, the white rot fungus Physisporinus vitreus is supposed to selectively degrade the membranes of the bordered and half-bordered pits during short-term incubation times. The bioincised material shows significant improvement of liquid uptakes (Schwarze et al. 2006 ) but also anatomical changes of the cell wall structure due to fungal activity are reported by Lehringer et al. (2010) . Not only pit membranes are degraded but also cell wall deterioration occurs, which is induced by a selective delignification and/or a simultaneous degradation of lignin and polysaccharides. The term selective delignification is applied to a successive decomposition of the cell wall components by highly diffusible ecto-enzymes. Preferably, the degradation of lignin and hemicelluloses occurs at the beginning of fungal colonization, while the cellulose fraction is degraded at rather later stages (Liese 1970; Schwarze et al. 1997; Martínez et al. 2005; Ray et al. 2005) . Simultaneous rot is characterized by fungal ectoenzymes, which have the capacity to degrade cellulose, hemicelluloses, and lignin at the same time (Schmidt 2006) .
Analysis of Brinell hardness revealed a significant hardness reduction in the subsurface area after 7 and 9 weeks incubation (Lehringer et al. 2011 ). In the same work, the application of cellular UV-microspectrophotometry (UMSP) indicated chemical alterations of the main wood components in close vicinity of fungal hyphae.
For a successful upscaling of the bioincising process, the incubation period must be short (-4 weeks) and wood colonization homogeneous, in order to minimize adverse side effects such as structural alterations. To this purpose, a detailed knowledge of the degradation pattern of P. vitreus and of the resulting chemical alterations is crucial. Factors during incubation such as temperature, water activity, nutrient and oxygen supply have an influence on the homogeneity, the speed of substrate colonization and finally on the selectivity of fungal activity towards different cell wall components (Schubert et al. , 2010 . Especially, the carbon/ nitrogen-ratio (C/N-ratio) has recently been discussed to affect the degradation characteristics of P. vitreus during incubation (Lehringer et al. 2010) . The specimens in the present study were incubated on malt extract agar (MEA) that has a narrow C/N-ratio (50/1). It is well established that a narrow C/N-ratio usually facilitates the degradation of polysaccharides by wood decay fungi (Levi and Cowling 1969; Kirk et al. 1978; Reid 1983; Dill and Kraepelin 1986; Rios and Eyzaguirre 1992) . For investigating these aspects of chemical changes and the resulting micromechanic effects, the microtensile testing method appears to be a suitable approach. In the present study, the mechanical changes of the tracheid cell (wall) matrix during incubation times between 0 and 9 weeks were observed by this method.
Microtensile tests of microtomed (approx. 80 mm thick)
wood strips were conducted in the past by various authors (Kennedy and Ifju 1962; Grozdits and Ifju 1969; Derbyshire et al. 1995; Turkulin and Sell 2002) . Usually two measurement setups are applied. With the zero span method, the jaws holding the thin strip are initially in contact. All cellulose microfibrils in the cross section are bridging the infinitesimal gap between the jaws and the test is principally a measure of microfibril strength. As the cellulose microfibrils are the cell wall elements responsible for the longitudinal tensile strength of the wood structure, the zero span tensile strength is generally greater than any value of tensile strength determined in a finite span test. For the latter, the thin strips are mounted between the jaws with a free distance of 10 mm. This approach provides further information about the bonding properties between the fibers, because the middle lamella (where the highest lignin content is found) will additionally react sensitively on the tensile stresses.
In the present study, the selective delignification and simultaneous degradation were in focus. The hypothesis was that finite span strength (f-strength) and zero span strength (z-strength) will be indicative with this regard. Materials were characterized by microtensile tests in various contexts (Derbyshire et al. 1995; Jirous-Rajkovic et al. 2004; Gierlinger and Burgert 2006; Keunecke and Niemz 2008; Eder et al. 2009; Xiao et al. 2010; Xie et al. 2010) . However, to our knowledge, the application of this approach to decayed wood is limited to the study of Wilcox and Garcia (1968) . The method of microtensile testing is advantageous if mechanical properties in the border zone are in focus, where fungal activity is the highest and where the permeability improvement occurs. In contrast to impact bending-, tension-, compression-or shear-tests aiming at the properties of the entire specimen, this method affords detailed information exclusively from the surface of the specimen, as was demonstrated by Derbyshire et al. (1995) , Jirous-Rajkovic et al. (2004) and Turkulin et al. (2006) .
Subsequently, wet chemical analysis was performed in the present study to provide further information about the degradative activity of P. vitreus. Wet chemical analysis is useful for investigation of wood decaying fungi, as reported by Crawford et al. (1982) , Rabinovich et al. (2004) , Istek et al. (2005) and Schmutzer et al. (2008) .
The main objective of the present study is to elucidate the mechanical and chemical changes that are induced by P. vitreus at the subsurface area during short-term incubation of spruce wood. The enzymatic activity of P. vitreus was in focus in terms of a discrete selective delignification and a simultaneous degradation under certain incubation conditions. The expectation was that the results will contribute to the further improvement of the bioincising incubation process.
Material and methods

Specimen material
One board of defect-free and kiln-dried wood from a Norway spruce tree wPicea abies (L.) Karst.x was investigated. For sapwood (SW) and heartwood (HW), three specimen collectives were prepared. In each collective, five specimens were always taken in one longitudinal sequence in order to minimize the influence of natural property variation within the single tree. As the samples were subjected to four different incubation periods and one control, this axial pairing provided a good comparability of the results. Each specimen measured 200=30=30 mm 3 (L=R=T). After sterilization, the specimens were incubated with the white rot fungus P. vitreus for 3, 5, 7, and 9 weeks at 228C and 70% RH. For a detailed description of material selection and specimen preparation, see Lehringer et al. (2011) . Density and mass loss were calculated as described in Lehringer et al. (2010) .
Chemical analysis was conducted on smaller wood specimens of Norway spruce SW and HW (L=R=Ts100=15=10 mm 3 ) that were incubated separately, but exactly following the same incubation routine as used for the larger specimens in Lehringer et al. (2011) . Three replicates for each incubation time were prepared. In contrast to the larger wood specimens, mass losses were determined after drying to a moisture content of 0% to provide a definite basis for further calculations.
Microtensile testing
SW and HW specimens from all three collectives were taken for thin strip preparation (Table 1) . Blocks of L=R=Ts80=10= 30 mm 3 were prepared from the bottom surface of the incubated specimens, where fungal activity was most pronounced (see also Lehringer et al., 2011) .
The blocks were vacuum impregnated with distilled water at ambient temperature until fully saturated. Sequential microtoming of 80 mm thin strips (ns20 per block) in the longitudinal-radial plane was conducted with slight inclination of the specimens at an angle of approximately 58 to the radial plane in order to avoid disturbing influences by the wood rays.
Instrument for thickness control of each single strip (on an average of 5 points on each strip): electronic thickness gauge (Mitutoyo, Kawasaki, Japan, accuracy"0.1 mm). All strips missing the target thickness by"5% were rejected, resulting in 12-19 strips per block, thus the total number of tested strips was ns528. Each strip was then cut transversally into two parts, which then were measured separately at finite span and zero span.
Instrument for microtensile testing: paper tester (Pulmac International Inc., Montpelier, VT, USA) under standard laboratory conditions of 208C, 65% RH. The ultimate breaking load was recorded in pounds per square inch (Psi) and recalculated to Newton (N). The clamping pressure was set to 0.55 MPa for finite span and 0.62 MPa for zero span and the loading rate was set to 70 kPa s -1 for all measurements.
Chemical analysis
For two step hydrolysis and lignin determination all incubated specimens were ground in a vibration mill (Herzog, Osnabrück, Germany). The milled powder was then conditioned at 208C and 65% RH and moisture content was determined for further calculations. A two step-hydrolysis with 72% H 2 SO 4 for 1 h at 308C and 2.6% H 2 SO 4 for 40 min at 1208C was conducted. After filtration, 1 ml of the hydrolyzate was removed for analysis in the Borate anion exchange chromatography. Lignin content was determined as hydrolysis residue (Willför et al. 2009 ) and acid-soluble lignin was measured by UV-spectroscopy (ls205 nm) according to Tappi 250 (2005). (Sinner et al. 1975; Sinner and Puls 1978; Willför et al. 2009 ).
Borate anion exchange chromatography for carbohydrate analysis
Columns (Omnifit
The amounts of detected monosaccharides were corrected for water uptake during hydrolysis. The % losses for cellulose, xylan, and mannan (Table 2 , columns 12-15) were determined corresponding to the constitution of their monosaccharides, respectively, the arabinoglucuronoxylans and galactoglucomannas of softwoods. According to (Timell 1967) and Janzon et al. (2008) the carbohydrates were calculated with Eq. (1), (2), and (3) where the mannose/ glucose-ratio is defined with 3:1.
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Data analysis
For all collected data, a one way ANOVA and a Tukey honesty test were conducted with the statistic software Systat12 ᭨ (Systat Software Inc., Chicago, IL, USA). A probability value of P-0.05 was considered to print to significant differences.
Results and discussion
Mictrotensile
Expectedly, the f-strength was always at least one-third lower than the z-strength (Table 3 ). In the former, the bigger influ- ence of plastic deformations and inter-tracheid bonding in the compound middle lamella (CML) generally causes lower strength values (Derbyshire et al. 1995; Turkulin and Sell 2002) .
The SW specimens showed a significant loss of z-strength after 5 weeks incubation (Figure 1 ). After 9 weeks, zstrength retention was 51.1"10%. In comparison, f-strength of the SW specimens decreased significantly after 3 weeks incubation and resulted in a minimum strength retention of 34.6"26.9% after 9 weeks. The strength decrease follows a linear function.
The effect of P. vitreus on the HW specimens was less pronounced. A significant drop of both z-and f-strength was recorded after 7 weeks and the strength retention after 9 weeks was 66.1"24.4% for z-strength and 68.7"12.9% for f-strength. Obviously and expectedly, the degradation rate in SW is higher than in HW, as the degradative activity of wood decay fungi is higher in SW than in HW due to a lower level of extractives and a better accessibility of fungi to nutrients and carbohydrates (Rypacek 1966; Schmidt 2006) .
The consequence is that the results for HW specimens are not as clear as for SW specimens. For the former, partly increasing values of f-strength (3 and 5 weeks) and of zstrength (5 weeks) were recorded (Figure 1 ). To our knowledge, it has not yet been reported that increasing tensile strength may not occur during white rot, brown rot, and soft rot degradation. Enzymatic depolymerization, hydrolysis and oxidative reactions occur that commonly reduce the mechanical integrity of the wood. Turkulin and Sell (2002) discussed the initial increase of z-strength that they observed during photodegradation of softwoods by ultraviolet radiation. They proposed an initial 'radiation induced cross-linking' between cellulose microfibrils that was later followed by high strength losses. However, this hypothesis is not convincing for fungal degradation, unless one accepts the dominance of radical degradation mechanisms by means of mediators. Thus, the minor increases of microtensile strength must rather be explained with statistical effects, such as a deviation of the measured data from the normal distribution. The lower mass losses in HW may further support this hypothesis.
In HW, the ratio f/z-strength ranged for all incubation times between 0.6 and 0.7, while for SW a larger span was recorded with ratios down to 0.4 and 0.5 after 7 and 9 weeks incubation, respectively (Table 3) . Turkulin and Sell (2002) conducted microtensile tests on photodegraded thin strips and reported similar ratios of f-and z-strength. The reduced values for SW samples with longer incubation time are due to a relatively stronger decrease of f-strength than z-strength, as can also be seen in Figure 1 . It thus can be hypothesized that in SW the ratio between delignification and degradation of polysaccharides is changing while in HW all components are degraded with a more or less constant ratio.
The higher losses in SW f-strength can be explained by a combination of the delignification processes and the degradation of cellulose microfibrils. The microscopic and topochemical investigations on bioincised wood by Lehringer et al. (2010 Lehringer et al. ( , 2011 revealed local regions of a selective delignification of the tracheid cell walls by P. vitreus that is commencing from the lumen through the secondary cell wall towards the CML. Even though the cell wall structure remains mostly intact during the first 9 weeks of incubation, it is probable that the progressing delignification also weakens the bonding properties of the CML, resulting in interfiber slippage effects.
Additionally, the degradation of SW cellulose, as will be shown by chemical analysis below, contributes to a loss of f-strength. The progressing weakening of the tracheid cell wall due to hyphal tunneling, cavities, and notches (as reported by Lehringer et al. 2010 Lehringer et al. , 2011 , chain length reduction of the microfibrils (indicated by decreasing degrees of polymerization, DP), and lignin depolymerization leads to a pronounced reduction of tensile strength.
The microtensile strengths showed a stepwise decrease after 7 and 9 weeks (Figure 1a,c,d) . Correspondingly, studies on morphological changes, Brinell hardness and delignification determined by UMSP also displayed stronger effects of P. vitreus after 7-9 weeks incubation (Lehringer et al. 2010 (Lehringer et al. , 2011 . Hence, incubation times should be kept significantly below 7 weeks to avoid major adverse effects on the mechanical wood properties.
Chemical analysis
Weight losses of the specimens from chemical analysis ranged between 0.1"0.1% and 8.2"0.6% in SW and 0.1"0.05% and 6"1.6% for HW (Table 2) . These values are higher than the recorded mass losses of the microtensile tesed specimens (Table 3 ). This is due to the fact that the specimens incubated for chemical analysis provided a smaller volume and thus the absolute losses by fungal degradation resulted in virtually higher mass losses. Still, P. vitreus is shown to be a wood decay fungus with comparable low degradation rates, as discussed previously by Lehringer et al. (2011) .
In SW and HW, the lignin degradation commences at almost equal rates and shows absolute losses of -1.8% and -2%, respectively, after 9 weeks incubation (Figure 2) . The xylan reduction after 9 weeks was slightly lower in HW specimens (-0.6% SW )-0.4% HW) as well as the mannan loss (-1.6% SW )-1.2% HW).
A difference was recorded for cellulose degradation; in SW, the cellulose degradation proceeded rapidly after 3 weeks incubation and showed a continuously strong reduc-tion rate of -4% after 9 weeks incubation. This relatively strong linear decrease could be an explanation for the reduction of f-and z-strengths (Figure 1a,b) . The relatively high diminshing content of cellulose in SW appears to suggest the activity of a soft rot type I and II in the latewood tracheids cell walls, as shown by Lehringer et al. (2010 Lehringer et al. ( , 2011 . In contrast, the HW specimens showed a strong cellulose decrease after 3 and 5 weeks but then the degradation level remained stable with -2.2% after 7 and 9 weeks incubation.
The selectivity for lignin degradation can be expressed by the ratio of lignin loss/cellulose loss (Table 2 , column 16). The ratio was approximately 0.5 for SW and between 0.3 and 0.9 for HW, which indicates a rather low selectivity for lignin degradation. When Hakala et al. (2004) conducted a study with 86 isolates of white rot fungi on Norway spruce at 10 weeks incubation, they found 17 strains that showed a selectivity ratio )1.0; among other fungi, Physisporinus rivulosus T241i also showed a high selectivity for lignin degradation (ratio 3.3). In the latter study, wood specimens were incubated on vermiculite that is known to possess a wide C/N-ratio and stimulates a range of white rot fungi (probably also P. vitreus) and causes a selective delignification (Lehringer et al. (2010) . The present study provides additional evidence that incubation of wood specimens on malt extract agar (MEA) (i.e., with a narrow C/N-ratio), as was the case in this work, results in sub-optimal incubation conditions for a selective delignification or a selective pit membrane degradation (see also Dill and Kraepelin 1988; Rios and Eyzaguirre 1992) .
Conclusions
The method of microtensile testing was successfully applied to bioincised specimens in order to investigate the mechanical and chemical changes in the border zone occurring during incubation. P. vitreus is a variable decay fungus that leads to different degradation patterns in the same wood sample with moderate degradation rates. The high data variability complicates an unambiguous interpretation of the results (see also Lehringer et al. 2010 Lehringer et al. , 2011 . Nevertheless, results from microtensile testing confirm the findings of our previous studies. Many effects caused by the fungus are close to the detection limit of some wet chemical analytical methods. However, chemical analysis in the present paper shows the degradation of lignin, hemicelluloses and, even to a higher extent, of cellulose.
Incubation on MEA obviously triggered P. vitreus to induce both a selective delignification and a simultaneous degradation, reflecting the degradation patterns of a white rot fungus and soft rot type I and II. Thus, incubation with a wide C/N-ratio nutrient medium might be favorable to increase selective delignification and pit membrane degradation. These findings will be implemented in the future optimization of the incubation process for the bioincising technology.
